Aerobic fermentation has evolved independently in two yeast lineages, the Saccharomyces cerevisiae and the Schizosaccharomyces pombe lineages. In the S. cerevisiae lineage, the evolution of aerobic fermentation was shown to be associated with transcriptional reprogramming of the genes involved in respiration and was recently suggested to be linked to changes in nucleosome occupancy pattern in the promoter regions of respiration-related genes. In contrast, little is known about the genetic basis for the evolution of aerobic fermentation in the Sch. pombe lineage. In particular, it is not known whether respiration-related genes in Sch. pombe have undergone a transcriptional reprogramming or changes in nucleosome occupancy pattern in their promoter regions. In this study, we compared genome-wide gene expression profiles of Sch. pombe with those of S. cerevisiae and the aerobic respiration yeast Candida albicans. We found that the expression profile of respiration-related genes in Sch. pombe is similar to that of S. cerevisiae, but different from that of C. albicans, suggesting that their transcriptional regulation has been reprogrammed during the evolution of aerobic fermentation. However, we found no significant nucleosome organization change in the promoter of respiration-related gene in Sch. pombe.
Introduction
The evolution of aerobic fermentation in yeasts is a good example of phenotypic evolution. In eukaryotes, glucose is mainly assimilated through the respiration pathway in mitochondria to produce CO 2 and H 2 O for maximum energy yield in the presence of oxygen. However, Crabtree-positive yeasts such as Saccharomyces cerevisiae undergo aerobic fermentation in which glucose is predominantly fermented to ethanol even in the presence of oxygen (Merico et al. 2007) . It was proposed that the evolution of aerobic fermentation in yeasts was an adaptation to glucose-rich environments for rapid consumption of glucose (De Deken 1966) . Recent studies indicated that the evolution of aerobic fermentation in the S. cerevisiae lineage was associated with regulatory reprogramming of genes involved in respiration and mitochondrial functions (Ihmels et al. 2005; Field et al. 2009 ). The loss of a specific cis-regulatory element in many genes coding for mitochondrial proteins in the S. cerevisiae lineage was speculated to have contributed to the transcriptional reprogramming process (Ihmels et al. 2005) .
Recently, the regulatory evolution of respiratory genes in the S. cerevisiae lineage was linked to chromatin structure change in their promoter regions (Field et al. 2009; Tsankov et al. 2010) . In eukaryotes, DNA is repetitively wrapped around nucleosomes, which form barriers to direct interaction between transcription factors and their binding sites. Several studies have found that genes with different expression profiles are associated with distinct nucleosome occupancy patterns in the promoter regions (Tirosh and Barkai 2008; Jiang and Pugh 2009) . The promoters of constantly expressed genes usually contain a nucleosome-depleted region where most transcription factor-binding sites are located (Yuan et al. 2005; Lee et al. 2007 ). In contrast, conditionally expressed genes, such as stress-response genes, are associated with nucleosome-occupied promoters (Tirosh and Barkai 2008) . By comparing the nucleosome organization patterns, Field et al. (2009) found that the promoters of respiration-related genes tend to be more depleted of nucleosomes in the aerobic respiration yeasts than that in aerobic fermentation species in the hemiascomycete lineage. They concluded that in the aerobic fermentation yeasts, respiration-related gene promoters have evolved from the nucleosome-depleted type to the nucleosome-occupied type and that this change has contributed to the evolution of aerobic fermentation in hemiascomycete yeasts (Field et al. 2009 ).
The fission yeast Schizosaccharomyces pombe separated from the hemiascomycete lineage at least 300 Ma (Sipiczki 2000) but, like S. cerevisiae, is capable of aerobic fermentation in the presence of excess sugars (Alexander and Jeffries 1990) . Therefore, aerobic fermentation appears to have evolved at least twice during yeast evolution ( fig. 1 ). However, the underlying genetic basis for the evolution of aerobic fermentation in the Sch. pombe lineage has been little explored. This study has two purposes. First, we investigated whether in Sch. pombe regulatory reprogramming of respiration-related genes was also associated with the evolution of aerobic fermentation. Second, we studied whether nucleosome organization change in the respiration-related gene promoters was associated with this process, using the newly available nucleosome occupancy data of Sch. pombe (Lantermann et al. 2010 ).
Materials and Methods

Data Sources
We downloaded the large collections of microarray data of S. cerevisiae (1,011 expression profiles) and Candida albicans (198 expression profiles) from Ihmels et al. (2005) and 1,161 expression profiles in Sch. pombe from Pancaldi et al. (2010) . These microarray data were obtained under a large variety of growth conditions, stress conditions, cell cycle stages, or genetic backgrounds. We retrieved 3,113 orthologous groups that contain at least one gene in each of the three species from the yeast orthology maps (Wapinski et al. 2007 ). We compiled Gene Ontology (GO) hierarchy data from gene ontology association data of C. albicans (Revision: 1.587), S. cerevisiae (Revision: 1.149), Sch. pombe (Revision: 1.144), respectively (Ashburner et al. 2000) .
Computing Expression Correlations between Gene Sets
We computed the Pearson correlation coefficient (q) between every pair of genes in each species using the collections of microarray data. Then, we normalized the Pearson correlations by subtracting them from their mean and by dividing each value by the standard deviation to correct the potential biases that may arise due to different sample sizes of expression data among the three species (Field et al. 2009 ). For each GO gene set, we calculated the average of normalized correlations between all pairs of genes to determine if the genes in a GO group have similar expression profiles.
Because cytosol ribosomal protein (CRP)-encoding genes are consistently expressed under different conditions and show a strong correlation with cell growth (Mager and Planta 1991; Gasch et al. 2000) , we used these genes as a reference to characterize the expression profiles for each GO gene group. We obtained 132, 133, and 78 CRP genes for S. cerevisiae, Sch. pombe, and C. albicans, respectively, based on their genomic annotation. The expression profile of a GO group was measured by the average of the normalized correlations between the expression of every gene in the GO group and the expression of every CRP gene.
Calculating the Average Nucleosome Occupancy of a Gene Set
The in vivo nucleosome occupancy data of S. cerevisiae and C. albicans were downloaded from Field et al. (2009) . We obtained the in vivo nucleosome occupancy data of Sch. pombe from Lantermann et al. (2010) . These nucleosome data were obtained from cells during the mid log phase growth in rich media. The nucleosome occupancy of promoters of a gene set was calculated as the average nucleosome occupancy of all genes for the region between 400 bp upstream and 100 bp downstream of the translation start site.
Results
Sch. pombe Respiration-Related Genes Have Undergone a Regulatory Reprogramming
To investigate if the evolution of aerobic fermentation in Sch. pombe was associated with gene transcription remodeling, we compared its genome-wide gene expression profiles with those of the aerobic fermentation yeast S. cerevisiae and the aerobic respiratory yeast C. albicans, using large collections of gene expression data and the gene sets from Gene Ontology (see Materials and Methods). To avoid small sample sizes, we only selected the GO sets with at least ten orthologous genes in each species, and we obtained 1,791, 1,547, and 1,486 GO sets for S. cerevisiae, Sch. pombe, and C. albicans, respectively. We only used the GO groups whose genes have coherent coexpression patterns (i.e., having an average normalized correlation .0.5) for further analysis. There are 698, 352, and 253 GO sets above the threshold for S. cerevisiae, Sch. pombe, and C. albicans, respectively. The expression profiles of each GO group are measured by its expression correlation with the CRP genes (see Method and Materials).
We compared the expression profiles of all selected GO groups between each pair of the three species ( fig. 2A-C) . Among the selected GO groups, 218 of them are shared by Sch. pombe and S. cerevisiae, and the expression profiles of these GO groups have a strong positive correlation between the two species (Pearson correlation q 5 0.83). In contrast, the q value between Sch. pombe and C. albicans and that between S. cerevisiae and C. albicans are both 0.63. Thus, although S. cerevisiae is evolutionarily closer to C. albicans, its genome-wide gene expression profile is more similar to that of another aerobic fermentation species Sch. pombe. As shown in figure 2A , there are 20 GO groups whose gene expressions are positively correlated with expressions of CRP genes in C. albicans but negatively correlated with expressions of CRP genes in Sch. pombe. Lin and Li · doi:10.1093/molbev/msq324 MBE After removing these 20 GO groups, the q value increases from 0.63 to 0.82, suggesting that these GO groups are the outliers that lower the correlation of gene expressions between the two species. Eighteen of the 20 GO groups are coherent in all three species, and all of these 18 GO groups are negatively or not correlated with CRP genes in S. cerevisiae but have a much higher correlation with CRP genes in C. albicans ( fig. 2B ). In contrast, the 18 GO gene groups are negatively or not correlated with CRP genes in both Sch. pombe and S. cerevisiae ( fig. 2C ). Therefore, these 18 GO groups tend to be actively expressed under typical growth conditions in C. albicans, but they are likely to be inactive or lowly expressed during normal growth in Sch. pombe and S. cerevisiae. As shown in table 1, all the 18 GO group genes are involved in respiration and mitochondrial functions, suggesting that a regulatory reprogramming of these genes was associated with the evolution of aerobic fermentation in the Sch. pombe lineage. Therefore, we called the genes in these 18 GO groups as respiration-related genes (R genes; see the gene list in supplementary table 1, Supplementary Material online). Because the two aerobic fermentation lineages evolved from ancestral aerobic respiration species and because one would expect that the R genes of a typical aerobic respiration species are actively transcribed during normal growth, similar to that of C. albicans, it is reasonable to conclude that the transcription of the R genes has been independently reprogrammed during evolution of aerobic fermentation in both the Sch. pombe and the S. cerevisiae lineages. Therefore, as in the S. cerevisiae lineage, the evolution of aerobic fermentation in the Sch. pombe lineage was apparently also associated with a regulatory reprogramming of respiration-related genes. To determine if change in nucleosome occupancy in the promoters of R genes was associated with their expression change during the evolution of aerobic fermentation in the Sch. Pombe lineage, we compared their promoter nucleosome organization with the category I (CI) and II (CII) genes defined by Field et al. (2009) , which was based on a comparative study of gene expression data between S. cerevisiae and C. albicans. The CI genes are mainly involved in cellular growth, amino acid biosynthesis, and RNA processing and are actively expressed during cell growth, whereas the CII genes are enriched in specific cellular states, in response to environmental stresses. In contrast to the CI genes, the CII genes are mainly expressed under specific conditions and are inactive under the normal growth condition (Field et al. 2009 ). Accordingly, the promoter regions of CI genes were found to be more depleted of nucleosome than that of CII in both C. albicans and S. cerevisiae (Field et al. 2009 ).
To determine if Sch. pombe CI and CII genes have similar expression patterns as their orthologous genes in the other two species, we calculated the averages of normalized correlations between CRP genes and the experimentally defined CI and CII genes for each species. In Sch. pombe, the averages of normalized correlations are q 5 0.67 ± 0.005 between expressions of CI and CRP genes, and q 5 À0.64 ± 0.006 between expression of CII and CRP genes ( fig. 3A) . Therefore, in general, the expression of Sch. pombe CI genes tends to be positively correlated with that of CRP genes, but the CII gene expression shows a negative correlation with that of CRP genes, consistent with the observations in S. cerevisiae and C. albicans ( fig. 3A-C) . Moreover, in Sch. pombe, the average nucleosome occupancy in CI gene promoters is lower than that in CII gene promoters, a pattern that is shared by all three species ( fig.  3D-F) . We also calculated the average normalized correlations of expression profiles between the R genes and CRP genes. As shown in figure 3A -C, the expression of R genes is positively correlated with that of CRP genes in C. albicans (q 5 0.45 ± 0.02) but is negatively correlated with that of CRP genes in S. cerevisiae (q 5 À0.87 ± 0.012) and in Sch. pombe (q 5 À0.46 ± 0.01). Interestingly, the nucleosome organization of R gene promoters of Sch. pombe is more similar to that of C. albicans R genes than to that of S. cerevisiae R. genes. In contrast to the nucleosome occupancy of R gene promoters in S. cerevisiae, which is higher than that of the CII genes, the nucleosome occupancy of R gene promoters in Sch. pombe is lower than that of CII genes, which is similar to the situation in C. albicans. We also used two other sets of respiration-related genes identified in Ferea et al. (1999) and Ihmels et al. (2002) and obtained Lin and Li · doi:10.1093/molbev/msq324 MBE the same results (supplementary figs. 1 and 2, Supplementary Material online). Thus, although the expression regulation of the R genes in Sch. pombe has been reprogrammed during the evolution of aerobic fermentation, their promoter nucleosome organization remains depleted as in aerobic respiration species. Therefore, regulatory reprogramming of respiration-related genes during evolution of aerobic fermentation in Sch. pombe was not coupled with change in nucleosome occupancy.
Discussion
We have shown here that gene expression divergence was not coupled with change in nucleosome organization during the evolution of aerobic fermentation in the Sch. pombe lineage, contrary to the observation in the S. cerevisiae lineage (Field et al. 2009 ). The presence of nucleosome may hinder the direct interaction between a transcription factor and its binding sites and may therefore obstruct the transcriptional initiation of a gene. Because S. cerevisiae assimilates glucose predominantly through the fermentation pathway and because in S. cerevisiae the transcription of respiration-related genes is repressed under the normal growth condition (Carlson 1999) , the presence of nucleosome-occupied promoters in these genes might be favored by natural selection. As nucleosome positioning appears to be determined by the intrinsic property of nearby DNA sequences Tirosh et al. 2010) , change in nucleosome occupancy in the promoter regions may be largely explained by accumulation of mutations. Therefore, one might expect that the switch from the nucleosome-depleted to nucleosome-occupied promoters in respirationrelated genes has contributed to their transcriptional change and the evolution of aerobic fermentation in the S. cerevisiae lineage (Field et al. 2009 ).
If the above hypothesis is correct, how does one explain the observation that no significant change of promoter nucleosome organization was associated with transcriptional changes of respiratory-related genes in Sch. pombe during the evolution of aerobic fermentation? To answer this question, factors that might prevent the change of promoter nucleosome organization should be considered. Although both S. cerevisiae and Sch. pombe undergo aerobic fermentation in the presence of excess sugars, there are physiological differences between them. In particular, they have distinct requirements for oxygen. Like many other eukaryotes, Sch. pombe cannot survive without the presence of oxygen, whereas S. cerevisiae is able to grow under anaerobic conditions (Visser et al. 1990 ). Another important difference is that the two species have different requirements of mitochondrial functions. Pyrimidines and purines are two of the building blocks of nucleic acids. The fourth step of de novo pyrimidine biosynthesis in Sch. pombe and most other eukaryotes is catalyzed by the dihydroorotate dehydrogenase (DHODase), which is localized in mitochondria, and the enzymatic activity of DHODase is dependent on the function of the respiratory chain (Andreasen and Stier 1953; Nagy et al. 1992; Chabes et al. 2000) . However, during the evolution of S. cerevisiae, the pyrimidine biosynthesis pathway has been modified because the S. cerevisiae DHODase, which is localized in cytosol, does not require a functional respiratory chain and thus pyrimidine synthesis in S. cerevisiae is independent of oxygen (Nagy et al. 1992 ). This change is probably because the S. cerevisiae DHODase gene was acquired from bacteria by horizontal gene transfer after its divergence from the C. albicans lineage (Gojkovic et al. 2004 ). Unlike S. cerevisiae, the respiration-related genes in Sch. pombe cannot be completely repressed under normal growth condition due to the absolute requirement of mitochondrial functions. This difference is consistent with our observation that the expression of S. cerevisiae respiratory chain genes (GO:0070469) is much more negatively correlated with the CRP genes than that in Sch. pombe (normalized Pearson correlation: À1.97 vs. À0.25). Therefore, a nucleosome-depleted promoter would be favored for Sch. pombe respiration-related genes, which might at least partly explain the difference of nucleosome organization in the R gene promoters between S. cerevisiae and Sch. pombe.
To test the above hypothesis, we compared the gene expression levels of the R, CI, and CII groups during the exponential growth phase in Sch. pombe (Lantermann et al. 2010) , S. cerevisiae (Nagalakshmi et al. 2008) , and C. albicans (Bruno et al. 2010) . As expected, the R genes in C. albicans are highly expressed and their expression level is even significantly higher than the growth-related CI genes (supplementary fig. 3 , Supplementary Material online; P value ,4.07 Â 10
À12
, two-sided Student's t-test). Interestingly, the R genes in neither Sch. pombe nor S. cerevisiae were strictly repressed during fermentative growth. Although the mean expression levels of R genes in the two species are not significantly different from that of CI genes (P value 5 0.14 and 0.06, respectively), they are significantly higher than that of CII genes (P value,2 Â 10 À10 ). To confirm these observations, we repeated this analysis using the mRNA level data of C. albicans and S. cerevisiae from Tsankov et al. (2010) . We observed the similar pattern (supplementary fig. 4 , Supplementary Material online), further supporting that the R genes in fermentative yeasts are not expressed as high as that in respiratory yeasts but they are not completely repressed. DeRisi et al. (1997) monitored the temporal gene expression change during the diauxic shift in S. cerevisiae and revealed that the expression of a large number of respiration-related genes were substantially induced when S. cerevisiae cells were forced to use nonfermentable ethanol as the carbon source because of the depletion of glucose in media. Using this diauxic shift expression data, we found that the expression levels of R genes increased .6-fold after S. cerevisiae cells switch from fermentation to the respiration mode (supplementary fig.  5 , Supplementary Material online). These observations indicate that the transcription of R genes in either Sch. pombe or S. cerevisiae is not completely repressed, and they are transcribed at relatively low level in the fermentative mode than in the respiratory mode. Because expression levels of R genes change significantly under different growth conditions, it can explain why we observed a low or Evolution of Aerobic Fermentation in Fission Yeasts · doi:10.1093/molbev/msq324 MBE anticorrelation with the expression of CRP genes in Sch. pombe and S. cerevisiae. Therefore, the relative repression of R gene expression in presence of glucose was associated with the evolution of aerobic fermentation in both Sch. pombe and S. cerevisiae lineages. As suggested by previous studies, the nucleosome occupancy change might have facilitated this repression process in the S. cerevisiae lineage (Field et al. 2009; Tsankov et al. 2010) . However, our results indicated that a different mechanism may underlie the same process in the Sch. pombe lineage.
In summary, our study revealed that in Sch. pombe, the proximal promoter regions of CI (growth related) genes have much lower nucleosome occupancy than those of CII (stress related) genes. The dichotomy between promoter packaging patterns of growth-and stress-related genes in Sch. pombe is generally consistent with the dichotomy observed in multiple hemiascomycete yeasts (Field et al. 2008; Tirosh et al. 2010; Tsankov et al. 2010 ). However, some discrepancies about the role of nucleosome change in gene regulatory evolution have been also reported. A recent study of the contribution of nucleosome organization to the gene expression divergence between S. cerevisiae and Saccharomyces paradoxus revealed that nucleosome occupancy change has very limited effects on the gene expression divergence between the two closely related species (Tirosh et al. 2010 ). In addition, based on a study of 12 hemiascomycete yeasts, Tsankov et al. also found that the genes involved in glycolysis and gluconeogenesis, which are highly expressed in all species, lack deep nucleosome free region (NFR) in their promoter regions. In the present study, we showed that although the respiration-related genes have been reprogrammed in Sch. pombe, the nucleosome occupancy pattern of these genes remains similar to that in the aerobic respiratory yeasts. This observation does not reject the view that change in nucleosome organization in respiration-related genes played a significant role in the evolution of aerobic fermentation in the S. cerevisiae lineage. However, it suggests that change of nucleosome occupancy is not a major contributor to the evolution of aerobic fermentation or for transcriptional reprogramming in Sch. pombe. It would be worthwhile to study if the modification of cis-elements in the promoters of Sch. pombe R genes was associated with their regulatory reprogramming.
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